R 21 , the lysozyme of coliphage 21, has an N-terminal signalanchor-release (SAR) domain that directs its secretion in a membrane-tethered, inactive form and then its release and activation in the periplasm. Both genetic and crystallographic studies show that the SAR domain, once extracted from the bilayer, refolds into the body of the enzyme and effects muralytic activation by repositioning one residue of the canonical lysozyme catalytic triad.
R 21 , the lysozyme of coliphage 21, has an N-terminal signalanchor-release (SAR) domain that directs its secretion in a membrane-tethered, inactive form and then its release and activation in the periplasm. Both genetic and crystallographic studies show that the SAR domain, once extracted from the bilayer, refolds into the body of the enzyme and effects muralytic activation by repositioning one residue of the canonical lysozyme catalytic triad.
Lyz P1 and R 21 , the lysozymes of coliphages P1 and 21, respectively, were the first endolysins shown to have N-terminal SAR domains (Fig. 1a) 1 . In contrast to canonical phage lysozymes, such as T4 E, which accumulate fully folded and enzymatically active in the cytoplasm, SAR endolysins are first secreted as enzymatically inactive enzymes anchored to the membrane by the N-terminal SAR domain 2 . This functional regulation is essential to avoid premature lysis of the infected host. The SAR domain behaves as a metastable transmembrane domain in the context of the energized membrane; it spontaneously escapes the bilayer at a low rate, so cells expressing a SAR endolysin will eventually undergo lysis. In a phage infection cycle, however, the SAR endolysins are activated synchronously when the membrane is depolarized by the triggering of the phage-encoded holin, a small membrane protein that opens holes in the bilayer 3, 4 . In any case, the escape of the SAR domain from the bilayer allows the enzyme to refold and become muralytically active. In Lyz P1 , activation is achieved when a free thiol from the newly extracted SAR domain causes isomerization of a disulfide bond, releasing a catalytic cysteine 2 . In addition, the entire catalytic domain undergoes a radical conformational reorganization, unwinding three α-helices to form three β-strands in the active site and forming the catalytic cleft characteristic of lysozymes (Supplementary Fig. 1 ). The extracted SAR domain itself contributes only the liberating thiol, remains largely helical, and makes no intimate contacts with the body of the enzyme 2 .
This elegant regulation is not general for SAR endolysins, however. Although 58 phage genomes encode endolysins with the Glu8aa-Asp/Cys-5aa-Thr catalytic triad (Fig. 1a) b r i e F c o m m u n i c at i o n s this was also true for R 21 , we replaced its N-terminal 26 residues with the cleavable secretory signal sequence PelB ss (Fig. 1a) 5 . When the resulting pelB ss ΦR 21 27-165 chimera was expressed in Escherichia coli, we observed no lysis, even though large amounts of the processed R 21 27-165 protein accumulated in the periplasm (Figs. 1b,c) . Moreover, an assay of the purified protein did not detect lysozyme activity (Supplementary Fig. 2 ). The lack of in vivo and in vitro activity of the truncated R 21 indicated that the SAR domain of R 21 is necessary for its enzymatic function. Further, when Gly14 and Gly15 of the SAR domain were replaced with leucine residues, the R 21 SAR domain lost its ability to escape the membrane, and lysis was blocked unless CHCl 3 was added to disrupt the bilayer (Figs. 1b-d) .
Appending an artificial transmembrane domain to the N terminus of full-length R 21 resulted in a chimera that was membrane tethered and, although not explicitly lytic, had sufficient enzymatic activity to convert all the induced cells to spherical morphology (Figs. 1b-d) . Apparently, in this chimera, the location of the R 21 SAR sequence distal to the transmembrane domain prevented its recognition by the sec translocon and caused it to be secreted into the periplasm with the rest of the polypeptide. Moreover, replacing the SAR domain of R 21 with that of Lyz P1 resulted in a chimera that, although retaining the ability to be released from the membrane, was inactive (Figs. 1b,c) . In contrast, Lyz P1 is still functional when its SAR domain is replaced by that of R 21 (ref. 2). Taken together, these results demonstrate that, beside controlling the topology of protein, the SAR domain in R 21 plays a specific and more integral role in the catalytic activity of enzyme, compared to that in Lyz P1 .
To explore the structural basis for this novel regulation, we determined the crystal structures of the active, full-length enzyme, a R 21 , and the inactive enzyme, i R 21 , which is missing the entire SAR domain, both to high resolution ( Fig. 2a; Supplementary Table 2) . a R 21 shares the characteristic structure of the canonical T4 lysozyme, with the 42 residues distal to the SAR sequence forming a relatively independent catalytic domain that contains a catalytic triad (Glu35, Asp44 and Thr50; Figs. 1a and 2a, Supplementary Figs. 1 and 3a) connected by a long α-helix (Lys68-Tyr89) to the cluster of C-terminal α-helices (helices α4-α8). Despite marginal sequence identities (33.9% of R 21 with Lyz P1 , 30.3% with P22 gp19, 18.8% with T4 E), the geometry of the catalytic triad in a R 21 is nearly identical to those in the other three proteins in the T4 E family whose structures are known (Supplementary Fig. 3b) 2, 6, 7 .
In a R 21 , the SAR domain is folded into two antiparallel α-helices, α1 (residues Pro3-Gly15) and α2 (residues Ala17-Thr26), which pack against the C-terminal helical bundle (α4-α8) at an angle of ~45° ( Fig. 2a; Supplementary Figs. 3a and 4) . In the N-terminal domains of both T4 E and Lyz P1 , an α-helix (Ile3-Glu11 in E; Asn31-Glu42 in Lyz P1 ; Fig. 1a ) that interacts extensively with the C-terminal lobe terminates with the essential glutamate of the catalytic triad (Supplementary Fig. 1) . In Lyz P1 , the SAR α-helix packs laterally to that essential α-helix. However, in a R 21 , the SAR helix α2 seems to have the same structural role as the first two turns of the essential helix in Lyz P1 . The critical glutamate of a R 21 (Glu35) is located not on the helix itself but on a loop directly downstream of the SAR helix. This loop is stabilized by a network of hydrogen bonds that includes residues of the SAR domain ( Supplementary  Fig. 3c ). The catalytic Glu35 forms a salt bridge through its Oε with the side chain of Arg152 in helix α8 of the C-terminal helical bundle, a feature well known for T4 E 8 and also shared by the P22 and P1 enzymes (Supplementary Fig. 3d ). Sequence alignment of R 21 -like endolysins indicates that this glutamate-arginine salt bridge is conserved throughout this family (Supplementary Fig. 5 ).
The structure of the inactive form, i R 21 , revealed several important features. The catalytic Glu35 can be built only to Cβ in i R 21 , presumably due to the flexibility of this region. Whereas for Lyz P1 the active and inactive forms have radically different structures, the overall fold of i R 21 is nearly identical to that of a R 21 , with every major secondary structural element preserved except the changes to the active site (Fig. 2a) . Like Lyz P1 , R 21 has two disulfide bonds that provide structural stability, but unlike with Lyz P1 , there is no difference in the disulfide bonding pattern between the active and inactive forms. In the catalytic domain, the loop region between Ser38 and Thr67, which includes two of the residues of the catalytic triad, Asp44 and Thr50, is superimposable (r.m.s. difference ~0.4 Å) in a R 21 and i R 21 (Fig. 2b) . However, in i R 21 , the absence of the two α-helices of the SAR domain and the adjacent hydrogen bond network has a marked effect on the position of Glu35, which is displaced ~10 Å and replaced by Lys147. Given the indispensable role of the catalytic glutamate demonstrated in T4 E 9 , the displacement and disorder of Glu35 account for the lack of enzymatic activity in i R 21 .
More significant differences were observed in the C-terminal domain (Glu96-Gln164; backbone r.m.s. difference ~4.0 Å), including the tilt, rotation and unwinding by one turn of helix α8, which contacts the SAR domain in a R 21 . Arg152 is turned toward the inner surface of the helix α4-α8 bundle in i R 21 and loses the capability to form the salt bridge with Glu35 (Fig. 2c) . Also, helix α7 rotates and gains one more turn at its end, and the kinked α5-turn-α6 is straightened into one α-helix in i R 21 (Fig. 2a) . Inspection of the predicted electrostatic surfaces in a R 21 revealed that the interface between the SAR domain and the body of the enzyme is dominated by hydrophobic contacts (Supplementary Fig. 4) . In i R 21 , the same surface is anionic and solvent exposed, mainly owing to rotation of helix α8 (Fig. 2d) .
The differences in the structures of i R 21 and a R 21 suggest a model for the activation event. The SAR domain, upon release from the membrane where it is presumably entirely helical, 'jack-knifes' into an α-helix-turn-α-helix structure to minimize the exposed hydrophobic surface (Fig. 2a) . It packs against the nonpolar face of helix α4, which leads to dislodgement of helix α8. Incorporation of the SAR domain into the R 21 hydrophobic core leads to remodeling of the C-terminal domain and brings the critical Glu35 to its active position. In this perspective, the newly released SAR domain activates R 21 through the spatially adjacent C-terminal helical bundle rather than the sequenceadjacent N-terminal domain.
Once synthesized, SAR endolysins require both strict post-secretory negative regulation and the means to become activated in a timely manner, because they are not sequestered from their substrate by the membrane. Inactive Lyz P1 has two levels of negative controlcovalent inactivation of its active-site cysteine and a N-terminal catalytic domain with radical conformational disability-whereas i R 21 seems to lack only the correct placement of its catalytic glutamate. Meanwhile, however, the Asp→Cys substitution in the catalytic triad of Lyz P1 potentially reduces enzyme activity in the T4 E context 10 and also may require a host enzyme, such as DsbA, for activation 1 . In contrast, R 21 seems to be more poised for muralytic function, with its canonical catalytic triad and the minimally dysfunctional conformation of the inactive enzyme. The particular evolutionary path taken by these two SAR endolysins would reflect the selective pressures exerted on the lysis process. However, our survey showed that the R 21 strategy is more representative among the SAR endolysins, which includes those from phages encoding potent human toxins such as the cytolethal distending toxin (CDT) 11 and the Shiga toxin 12 ; moreover, in the latter case, the acute dispersal of the toxin in the mammalian gut is dependent on the muralytic action of the SAR endolysin 13, 14 .
Accession codes. Protein Data Bank: Atomic coordinates and structure factors for a R 21 and i R 21 have been deposited with accession codes 3HDE and 3HDF, respectively.
